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Abstract: We present bulk heterojunction organic solar cells fabricated by spray-casting both 
the PEDOT:PSS hole-transport layer (HTL) and active PBDTTT-EFT:PC71BM layers in air. 
Devices were fabricated in a (6 x 6) array across a large-area substrate (25 cm
2
) with each 
pixel having an active area of 6.45mm
2
. We show that the film uniformity and operational 
homogeneity of the devices are excellent. The champion device with spray cast active layer 
on spin cast PEDOT:PSS had an power conversion efficiency (PCE) of 8.75%, and the best 
device with spray cast active layer and PEDOT:PSS had a PCE of 8.06%. The impacts of air 
and light exposure of the active layer on device performance are investigated and found to be 
detrimental.  
Keywords: Bulk heterojunction solar cells, PBDTTT-EFT:PC71BM, Spray casting, Multi-
pixel device 
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The increasing demands for energy have driven the development of new technologies. 
Photovoltaic devices (PVs) are in principle able to produce ‘green’ energy from sunlight. The 
photovoltaic effect has been observed since 1950s.[1] Since the first report in 1986 of a 
donor-acceptor organic photovoltaic (OPV) device[2], their performance has improved 
greatly as a result of significant research effort. Indeed, compared with conventional silicon 
based solar cells, OPVs combine the potential advantages of large-area production by low-
cost solution processing techniques on mechanically flexible substrates.[3-5] The energy 
payback time (EPBT) of OPVs is also believed to be competitive compared to other types of 
PV technologies because lower-energy mass-production process (e.g. roll-to-roll processing), 
can be used to fabricate OPVs and because the thermal budget for OPV fabrication is also 
lower.[6] The power conversion efficiencies (PCEs) of such devices have increased steadily, 
with values of over 10% being reported recently for both single-junction and multi-junction 
bulk hetrojunction devices (BHJ); a result considered a significant milestone in the 
development of OPVs.[7, 8] 
The design and synthesis of new conjugated polymers has been one of the main drivers in the 
improvement of OPV efficiency, with polymers based on benzodithiophene (BDT) attracting 
significant research interest.[9-14] Recently, a new polymer,poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b;4,5-b']dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT) has been used to 
create OPVs having PCEs in excess of 9%[15, 16]. Notably, such PBDTTT-EFT based 
devices have been fabricated using spin-coating in a nitrogen-filled glove box. Spin-coating is 
a wasteful-technique, as much valuable material is ‘lost’ during the coating process. It is also 
not compatible with deposition onto a moving web, making it an unsuitable process for large-
area device manufacture. In contrast, spray-coating is technique compatible with high-volume 
manufacture process that has been used to fabricate OPVs having efficiency similar to those 
created by spin casting.[17-19] For example, OPVs based on a blend of poly(3-
hexylthiophene-2,5-diyl) (P3HT) and phenyl-C61-butyric acid methyl ester (PC61BM) were 
fabricated using an airbrush spray coating technique and had a PCE of 4.1%; a value typical 
of spin-cast OPVs based on this photoactive layer. [20] Spray-coating has also been used to 
fabricate OPV devices using a series of different carbazole/benzothiadiazole based polymer-
fullerene blends, with spin- and spray-coated devices having comparable efficiency. [19] 
Such progress has motivated us to explore the extent to which we can scale-up the spray-
coating of OPV devices; a necessary step in the pathway by which any technology makes a 
  - 3 - 
transition from laboratory to factory. To explore the uniformity of devices as their active area 
of the device is increased, we have fabricated PBDTTT-EFT/PC71BM based OPV devices by 
spray-coating in air onto glass substrates having an area of (5 x 5) cm
2
. Here, each substrate 
was sub-divided into an array of 36 pixels, with each pixel having an active area of 2.54 x 
2.54 mm
2
. We have tested the efficiency of the pixels within such arrays and find that when 
the active layer was spray-coated, a maximum pixel PCE of 8.75% is obtained, with the 
average PCE of all 36 pixels being 7.86%. Devices in which both the poly(3,4-
ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) hole transport layer (HTL) and 
the PBDTTT-EFT/PC71BM photoactive layer are spray-coated had a maximum pixel PCE of 
8.06% with the average pixel PCE being 7.50%. To the best of our knowledge, these are the 
highest efficiency OPV device fabricated by spray casting both photoactive and HTL layers. 
The molecular structures of electron-donor polymer PBDTTT-EFT and electron-acceptor 
fullerenePC71BM are shown in Figure 1a. The PBDTTT-EFT was purchased from Solarmer 
Energy (Beijing) Inc. and had an Mw of 114,054 g/mol and a PDI of 3.01. PBDTTT-EFT has 
an optical band-gap of 1.58 eV, highest occupied molecular orbital (HOMO) level and lowest 
unoccupied molecular orbital (LUMO) level at -5.24 and -3.66eV respectively. This relatively 
low band-gap, together with efficient charge extraction, contributes to the high PCE of 
PBDTTT-EFT OPVs. 
                
Fig. 1(a) The molecular structure of PBDTTT-EFT and PC71BM. (b) A schematic of the 
device structure explored. 
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Devices were fabricated using a Prism 300 ultra-sonic spray-coater, supplied by Ultrasonic 
Systems Inc. The devices fabricated were based on the structure 
Glass/ITO/PEDOT:PSS/PBDTTT-EFT:PC71BM/Ca/Al, as shown schematically in Figure 1b. 
For comparative purposes, the PEDOT:PSSHTL was prepared by both spin- and spray 
coating. To spin-cast PEDOT:PSS (Clevios™ AI 4083), it was dispensed onto the ITO-coated 
substrate which was rotating at 5000 rpm for 30s to form a film having a thickness of 
approximately 30 nm. To spray-coat PEDOT:PSS, it was necessary to mix the Clevios™ AI 
4083 solution with 2-Propanol (IPA) and ethylene glycol (EG) at a volume ratio of 1:8:1. 
Here the IPA improved the initial wetting on the underlying ITO substrate, with the EG 
increasing film viscosity and also suppressing de-wetting as IPA evaporated from the film. 
We also found that it was necessary to hold the substrate at 50C during the spray-coating 
process to encourage surface wetting by reducing the viscosity of the ink and optimizing the 
drying time of the film. Using such techniques, we were able to spray-cast a uniform 
PEDOT:PSS film having a thickness of ~ 30 nm. We have used atomic force microscopy 
(AFM) to explore the surface morphology of PEDOT:PSS films prepared by spin and spray 
casting on ITO as shown in Figure 2a and b. We determine a root mean square (RMS) 
roughness of the spin cast PEDOT:PSS film over 5x5 m2 to be 1.4nm. Although the spray 
cast counterpart was slightly rougher (having a RMS roughness of 2.9 nm), this did not prove 
detrimental to its performance as a HTL layer.  
To prepare the active layer, PBDTTT-EFT and PC71BM were mixed at a ratio of 1:1.5 by 
weight, and dissolved (at a final concentration of 5 mg/ml) in a chlorobenzene (CB) solvent. 
To this was added 3% (by volume) of 1,8-diiodooctane (DIO), as this has been found to 
dramatically improve the efficiency of polymer:fullerene OPV devices.[21] The high boiling 
point CB solvent (ca. 130C) was chosen to minimize evaporation during the spray-coating 
process. The spray-head substrate distance and lateral coating-speed were determined by 
careful optimization such that a uniform and continuous wet film could be deposited on the 
device substrate. We have previously described the effect of such coating parameters, [19] 
and give further details in Experimental Methods. This optimisation was found crucial to 
avoid the formation of unconnected “domains” within the active layer which otherwise form 
if the spray droplets are not able to merge and coalesce after deposition on the substrate. 
Again, the substrate was held at 50C during spray-coating to suppress de-wetting of the 
solution during drying.[19] In all cases, spray coating was performed in air, with devices 
being transferred immediately after coating to a nitrogen filled glove-box. By adjusting the 
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spray-coating parameters, we were also able to control the thicknesses of the active layer. 
Through a series of optimization measurements we determined an optimum thickness for 
device efficiency as 100nm; a value similar to that identified in equivalent spin-cast 
devices.[16] 
It is known that the morphology of the active layer have great influence on the device 
performance.[22] We have measured the surface morphology of spray cast PBDTTT-
EFT:PC71BM blend films prepared on spin and spray cast PEDOT:PSS substrates using AFM, 
as shown in Figures 2d and e. As a reference, we also show the morphology of a spin cast 
PBDTTT-EFT:PC71BM blend film prepared on a spin cast PEDOT:PSS film (see Figure 2c). 
It can be seen that all the PBDTTT-EFT:PC71BM films are characterized by high surface 
uniformity, with the RMS roughness of the spray-coated active layer being as low as 0.5nm; a 
value less than its spin cast counterpart (which had a RMS roughness of 1.6 nm). We 
speculate that the reduced roughness of the spray-coated layers result from the low 
concentration and reduced viscosity of the ink. Such reduced viscosity results in the rapid 
coalescence of individual spray droplets into a continuous film. Note that we did not observe 
any large-scale PC71BM aggregates or phase-separated domains at the film surface. It has 
been shown that the surface of a PBDTTT-EFT:PC71BM blend film is slightly enriched by the 
polymer component (containing around 60% of PBDTTT-EFT), and that PC71BM 
aggregation is suppressed due to the presence of DIO during solution casting. [15] For this 
reason we conclude that the surface structure observed here is unlikely to originate from 
coarse-scale phase-separation between the polymer and the fullerene. 
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Fig. 2 AFM surface topography of (a) spin cast PEDOT:PSS, (b) spray cast PEDOT:PSS, (c) 
spin cast PBDTTT-EFT:PC71BM on spin cast PEDOT:PSS. Part (d) shows the topography of 
a spray cast PBDTTT-EFT:PC71BM on spin cast PEDOT:PSS and (e) spray cast PBDTTT-
EFT:PC71BM on spray cast PEDOT:PSS. 
The spray-cast and spin-cast films were fabricated into OPV devices using the techniques 
described in Experimental Methods. An array of typical devices is shown in figure 3a. Here, 6 
ITO (anode) and 6 Ca / Al (cathode) strips (both having a width of 2.54 mm) are deposited in 
orthogonal directions, creating 36 individual OPV pixels. We note that recent work has 
demonstrated the entire fabrication of OPVs (including electrodes and active layers) using 
solution processing-techniques. [23-25] Indeed, it was shown that devices could be created 
using solution processed silver nanowires or grids as the device cathode or anode; a result that 
could potentially be used to eliminate vacuum-dependent techniques from a device 
manufacture process. In this work however, we have utilized a composite Ca/Al cathode 
deposited by thermal evaporation and instead focus on the realisation of high performance 
OPVs having both their hole transport layer and active layer deposited by spray coating in air. 
We envisage that the development of high performance OPVs using all-solution processes 
could be realized by integrating our techniques with other solution-processed cathode 
technologies as reported in the literature. 
For testing, each OPV pixel was illuminated individually through a 3.14 mm
2
 aperture mask 
to define the exposed area, whilst ensuring that the remaining 35 pixels were not exposed. The 
results of a typical experiment on a device that incorporated a spin cast PEDOT:PSS layer and 
a spray cast active layer are summarized in Table S1, with a 3D map of device PCE plotted in 
Figure 3b. It can be seen that all pixels within the array are operational, and that a PCE of 
8.75% is determined for one of the pixels. Using a simple statistical analysis, we find that the 
pixels have an average PCE of 7.86% with the standard deviation of0.60.A histogram of 
device efficiency is plotted in Figure 3d, which shows that around 25% pixels from the array 
have a PCE between 7.96 and 8.16%. Figure 3c plots the efficiency across an array of devices 
in which both the HTL and active layer were deposited by spray-coating. Device efficiency is 
also tabulated in Table S2. Again, every single pixel is functional, with the peak PCE being 
8.06%, the average PCE being 7.50% with a standard deviation of 0.30. Interestingly, it can 
be seen that the efficiency of the spray-cast devices are not significantly reduced at the device 
edges as is observed in the spin-cast device. We believe this originates from a greater degree 
of uniformity at the edges of the spray-cast films. A histogram of device efficiencies is plotted 
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in Figure 3e, from which we determine that 28% of pixels have a PCE between 7.6 and 7.8%, 
with 78% of pixels having a PCE between 7.2 and 7.8%. The relatively narrow distribution in 
device efficiency is also consistent with a promising degree of uniformity of the spray cast 
layers. 
 
Fig. 3 (a) Image of a large-area, arrays of OPV device. In part (b) and (c), the PCE of every 
single pixel of devices fabricated by different casting technique as indicated accordingly is 
presented. Distribution of PCEs from 36 array devices made of (d) spin HTL and spray active 
layer and (e) spray HTL and spray active layer. 
In Figure 4 we plot the J-V curve of the device from each of the arrays presented in Figure 
having the highest PCE. For completeness we also plot the J-V curve of a device in which 
both the HTL and the active layer were deposited by spin casting in air and nitrogen-filled 
glove box, respectively. For each type of device, we record key metrics in Table 1. It can be 
seen that devices in which both HTL and active layers were deposited by spin-coating in the 
glove-box had a maximum PCE of 9.35%; a value consistent with other comparable devices 
reported in the literature. [15, 16] By recording dark J-V measurements (Figure S1), we 
determine the electron and hole mobility from control devices in which transport is either 
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dominated by electrons or holes. From such measurements we determine electron and hole as 
(3.8±0.1)x10
-4 
cm
2
V
-1
s
-1
 and (2.0±0.1)x10
-4 
cm
2
 V
-1
 s
-1
 respectively.  
                              
       Fig. 4 J-V curves of OPV devices incorporating layers by different film casting methods. 
Table 1. Device metrics of peak and average PBDTTT-EFT/PC71BM OPVs fabricated by spin 
and spray casting on spin and spray cast PEDOT:PSS. 
Device type JSC(mA/cm
2
) VOC(V) FF(%) PCE(%) 
Spin active layer 
&spin HTL* 
17.60 
(17.06±0.21) 
0.81 
(0.80±0.01) 
65.61 
(65.01±0.53) 
9.35 
(9.11±0.15) 
Spray active layer 
&spin HTL 
16.75 
(15.68±0.76) 
0.78 
(0.77±0.09) 
66.97 
(65.00±2.23) 
8.75 
(7.86±0.60) 
Spray active layer 
&spray HTL 
15.83 
(15.16±0.29) 
0.78 
(0.77±0.04) 
65.28 
(64.29±2.09) 
8.06 
(7.50±0.30) 
* The active layer was spin cast in a nitrogen-filled glove box. 
        It is apparent that the peak (average) PCE of devices with both HTL and active layer 
fabricated by spray casting is slightly reduced to 8.06% (7.50%) comparing to devices in 
which the HTL is deposited by spin casting. We attribute this reduction to the increased 
conductivity of spray cast PEDOT:PSS layer in which the organic solvent IPA and additive 
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ethylene glycol (EG) were used to assist the film formation process. Our measurements 
indicate that the electrical conductivity of the spray cast PEDOT:PSS film is 4.45 S cm
-1
; a 
value significantly larger than that of the spin cast PEDOT:PSS films that is around 0.002 S 
cm
-1
. It is well known that organic solvents and process additive scan change both the degree 
of phase-separation between PEDOT and PSS within a PEDOT:PSS film, and increase the 
molecular orientation of the PEDOT component, leading to an increase in electrical 
conductivity of several orders of magnitude.[26, 27] For a single pixel, high conductivity is 
beneficial for the extraction of charge carriers. [28, 29] However, in the pixelated device 
arrays explored here, the high lateral conductivity of PEDOT:PSS layer is likely to result in 
significant current-spreading, with lateral charge transport resulting in charges travelling 
outside the region defined by the aperture mask through which each individual device is 
illuminated. We believe this current spreading within the large array of devices explored here 
contributes to the lower device efficiencies recorded in devices that incorporate a high-
conductivity spray-cast PEDOT:PSS layer (see Table 1). In our unpublished work, we have 
explored the effect of pixel size on OPV efficiency using a spray-cast PCDTBT:PC70BM 
blend. Here, we found that device efficiency was reduced by around 17% when the active area 
of the device was increased from 4 mm
2
 to 165 mm
2
 due to the increased serial resistance of 
the ITO anode. It is expected that scale-up of the device reported here will also be reduced as 
active area is increased. 
Returning to Table 1 and Figure 4, it can be seen that the maximum PCE of devices in which 
both HTL and active layers were spin-coated is larger than those of devices in which spray-
coating was used to deposit either the active layer or both the active and HTL layers. Here, the 
device efficiency of the spray-coated devices is reduced by the slightly lower values of JSC 
and VOC although the fill-factors (FFs) of all types of device are similar at around 65%. We 
speculate therefore that the slightly reduced performance of devices that incorporate a spray 
cast active layer may originate from a number of factors, including exposure to oxygen, 
moisture and light.[30-33] 
To confirm our speculation, we made devices in which a spin cast active layer fabricated in a 
nitrogen-glove box was exposed to air under normal room-light conditions (white light having 
an estimated optical intensity of 5 W/m
2
) for varying amounts of time. A second series of 
experiments exposed samples to air in the dark. After air-exposure, the substrates were then 
transferred back to the glove box and a cathode was evaporated onto the film surface to create 
a series of devices. The normalized PCE of devices having different air-exposure times (both 
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in the light and the dark) is shown in Figure 5. It can be seen that exposing the active layer to 
air decreases device efficiency, however this effect is significantly more pronounced when 
this exposure occurs in the light. In particular, a 30 minute air exposure in the dark resulted in 
a device having a PCE that was 81% of its unexposed control. However a similar exposure in 
the light results in a device having a PCE that was 7% of its initial value. We note that work 
on a related BDT based polymer (PTB7) has concluded that degradation of the polymer 
results from a photochemical reaction that required the presence of both oxygen and light.[34, 
35] 
                           
                  Figure 5. Normalized PCE of devices with different exposure time. 
We have previously fabricated OPVs by spray coating in air, with the active semiconductor 
layer based on a series of different polycarbazole copolymers. Importantly, such 
measurements did not show any evidence of reduction in device performance as a result of air 
exposure – even for extended periods.[19] The work presented here clearly demonstrates 
however that PBDTTT-EFT based OPV devices undergo a degradation in performance on 
exposure to air, although this process can be partially suppressed by minimising the exposure 
of the active semiconductor material to light. Our results indicate therefore that any practical 
air-based manufacture process based on this material system would require careful control of 
ambient lighting conditions. 
Conclusion 
We have fabricated large-area, pixelated PBDTTT-EFT:PC71BM organic solar cells by spray 
casting the PEDOT:PSS and/or the photoactive layers under ambient conditions. By 
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optimizing the fabrication process, we fabricated OPV devices having a spray-cast active 
layer (but spin-cast HTL layer) with PCEs of up to 8.75%; a value that is comparable with 
devices fabricated by spin-casting alone. For devices having both spray-cast active layer and 
HTL a maximum device PCE of 8.06% was obtained. Control measurement demonstrated 
that some reduction in device efficiency of devices that are spray-cast in air results from 
oxidation of the PBDTTT-EFT polymer, and that optimum device efficiency occurs when the 
exposure of the active semiconductor to light and air is minimised. Our results further confirm 
that spray coating is a promising technique that is capable of fabricating high efficiency 
organic photovoltaic devices over large-area substrates. 
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Experimental section 
Glass substrates (5 cm x 5 cm) coated with pre-patterned ITO were purchased from Ossila 
Limited. The substrates were sequentially cleaned by sonication in 10% (wt%) sodium 
hydroxide solution, Hellmanex solution, IPA and deionised water. Substrates were then dried 
using a jet of compressed nitrogen and then baked at 120C for 5 minutes before use. 
PEDOT:PSS (HC Stark Clevios P VP AI4083) was filtered through a 0.45 μm PVDF filter 
before spin coating at 5000 rpm to form a 30nm thick hole-transport layer (HTL). The HTL 
was then thermally annealed at 120C for 20 minutes before use. To spray-cast the 
PEDOT:PSS solution it was first filtered and then mixed with IPA and ethylene glycol at a 
volume ratio of 1:8:1. It was then spray cast onto the cleaned substrates forming a uniform 
film ca. 30 nm thick.  
The ultra-sonicspray-coater system used in this work (a Prism 300) was supplied by 
Ultrasonic Systems Inc., andutilizedan ultra-sonic (35 kHz) vibrating tip. In this type of coater, 
the ink of interest is directed to the tip with the tip vibration sgenerating an aerosol that is then 
directed to a surface of inte restusing a nitrogen gas jet. This nozzleless spray technique 
minimizes droplet coalescence before reaching the substrate and permit the creation of highly-
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uniform thin-films overrelatively large areas. By varying the height of the tip above the 
substrate as well as the lateral velocityof the tip and the nitrogen gas pressure during spray 
deposition, it is possible to control film uniformity and thickness. To deposit a PEDOT:PSS 
film, it was determined that a tip-surface separation, lateral tip velocity and nitrogen gas 
pressure of 70 mm, 80 mm/s and 10 psi respectively could be used to create a uniform 
PEDOT:PSS film having a thickness of 30 nm. During the spray coating,the substrate was 
held at 50 ºC to aid film wetting. In all cases, the lab humidity during spray-coating was 
typically 35 - 40% R.H. 
The PBDTTT-EFT was purchased from Solarmer Energy (Beijing) Inc. PC71BM was 
purchased from Ossila Ltd. All materials were used as received. PBDTTT-EFT and PC71BM 
were blended together at a ratio of 1:1.5 (w/w) and dissolved into cholorobenzene with 3% 
(vol%) DIO as solvent additive at a concentration of 5 mg/ml. The PBDTTT-EFT:PC71BM 
ink was spray cast on PEDOT:PSS films prepared by either spin or spray casting. For the 
deposition of active layer, the substrate temperature was held at 50ºC, with the tip-surface 
separation, lateral coating velocity and nitrogen gas-pressure being 45 mm, 55 mm/s and 10 
psi respectively. This technique permitted films to be deposited having a thickness of 100 nm. 
Control over active-layer thickness is important to optimise device efficiency; specifically, 
thinner films led to a reduced Jsc, while films that were too thick had reduced fill factor. After 
the spray cast active layer was virtually dry, the devices were immediately transferred into a 
nitrogen glove box. A cathode consisting of 5nm Ca and 100nm Al was thermally evaporated 
onto the active layer through a shadow mask to form the cathode. Finally, devices were 
encapsulated using a glass slide and UV-curable epoxy glue. As a control, reference spin cast 
devices were prepared from a 30 mg/ml solution of PBDTTT-EFT/PC71BM (1:1.5 (w/w)) in a 
chlorobenzene solution, having an active-layer thickness of around 100 nm. The reference 
devices were prepared on (2x1.5) cm
2 
substrates that each contained 6 pixels having 
individual active areas of 6.4 mm
2
. To study the mobility of the materials used, we have 
fabricated devices in which charge transport is dominated by one type of charge carrier; hole-
dominated devices consisted of a structure based on Glass/ITO/PEDOT:PSS/active layer/Au, 
while those of the electron-dominated devices were based on Glass/ITO/Al/active layer/Ca/Al. 
All J-V testing was conducted using a Newport 92251A-1000 AM 1.5 solar simulator, which 
had been calibrated by a NREL standard silicon solar cell to assure a power output of 100 
mW cm
-2
. An aperture mask was placed over the devices to accurately define a test area of 
3.14 mm
2 
on each pixel and to eliminate the influence of stray and wave guided light. 
AFM measurements were acquired using a Veeco Dimension 3100 operating in tapping mode. 
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